The article presents the modeling of temporary temperature and phase share calculations during SAW (submerged arc welding) overlaying of steel elements. The input heat of a melted electrode and the heat of direct electric arc impact have been taken into consideration in the temperature field solution. The characteristic areas (fusion, full and incomplete transformation), have been determined by solidus, A 3 and A 1 temperatures, respectively. The limit temperatures of the phase trandformations during cooling, based on the cooling rate in the temperature range 800-500 • C according to S355 steel time-temperature-transformation welding diagram, have been determined. The JMAK (Johnson-Mehl-Avrami-Kolmogorov) law and KM (Koistinen-Marburger) formula were used in the phase change kinetic description. Theoretical considerations were illustrated with examples of temperature and phase share computations for welding overlaid S355 steel plate. The analysis of the history of changes in temperature and structural components (phases) was carried out based on the results of numerical simulations as well as metallographic examination after SAW overlaying. The dimensions of the HAZ (heat-affected zone), obtained experimentally, and the structure types confirmed the results of the computation.
Introduction
The modeling of thermo-mechanical phenomena in welding processes is usually treated as an interdisciplinary problem. An analysis of these phenomena requires knowledge from thermodynamics, metallurgy, material science and continuum mechanics (solid and fluid) among others. The description of thermo-mechanical states requires the temperature field, which is variable in time and space, to be determined. Further analysis of strains and stresses requires consideration of material properties that change depending on the temperature as well as structural changes in the material caused by phase changes.
Analysis of thermo-mechanical phenomena requires deep knowledge and understanding of the welding processes, as well as easy use of the mathematical apparatus or numerical methods, especially for creating original programs. Thermo-mechanical states in welding processes are analyzed using analytical and numerical methods. The analytical solutions [1] [2] [3] [4] [5] [6] allow us to estimate the searched values and to determine their dependence on various factors quicker, but for more complex problems these solutions are difficult or even impossible to apply. Some problems can be solved only with numerical methods, for instance, the finite element method, which is commonly used [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Thermal-mechanical phenomena occurring in joints during welding are not only the result of the temperature influence (heat source). The process and the quality of welding joints are significantly influenced by a number of factors, including properties and chemical composition of the welded material and electrodes [17] , technological parameters [18, 19] and welding conditions [20] , as well as heat treatment after welding [21, 22] . Among the various criteria for assessing the quality of welded joints, it is important to assess the tendency to crack [23] and the susceptibility to corrosion [24, 25] . In the paper [17] , the weldability, mechanical and plastic properties of S700MC steel, as well as the precipitation hardening characterized by a high yield, were obtained using the thermomechanical control process. The influence of high-speed cutting parameters on the surface roughness and cutting forces of machined AL/SiC composite has been investigated in [18] . Urbikain et al. [19] proposed a new method for the rapid and economical production of 'nutless' bolted joins, using a combination of two hole-making techniques, namely, form drilling and form tapping.Świerczyńska et al. [20] reported the effect of underwater wet welding parameters and conditions on the diffusible hydrogen content in deposited metal for welding with a self-shielded flux-cored wire. Wang et al. [21] conducted analysis of the tempering effect on the microstructure and properties of SAW (submerged arc welding) layers of H13 steel. Tempering causes the surfacing layer to undergo reversion and recrystallization, resulting in the formation of a finer microstructure and a reduction in the number of welding defects, with martensite and residual austenite transformed into fine-tempered martensite, and carbide precipitation occurring at higher temperatures. In the study [22] , the effect of post-weld heat treatment and TiAlSiN coating on tensile, bending strength, hardness and corrosion of duplex stainless steel and super austenite stainless steel-joined materials in plasma arc welding has been shown. The evaluated fatigue cracks' growth rates in welding metals with heat input higher than 10 kJ/mm made of the new submerged arc welding (SAW) technique, called the integrated cold electrode with the addition of non-energized (cold) wire, was analyzed in [23] . The main goal of [24] was the creation and evaluation a micro-arc oxidation coating in order to enhance the corrosion resistance of additively manufacture NiTi medical devices. Kim et al. [25] studied the effect of the Mo content on the mechanical and corrosion properties of hyper duplex stainless-steel welds that are subjected to flux-cored arc welding.
Rosenthal [26] and Rykalin [27] are pioneers in modeling the temperature field in welding processes. Rosenthal [26] was the first to propose the equation describing the temperature field induced by the point heat source for quasi-steady state. Next, Rykalin [27] presented a solution for a sectional heat source perpendicular to the welded elements. In description of a temperature field created by the movement source. Eagar and Tsai [28] used a surface two-dimensional Gaussian model of heat distribution. Goldak et al. [29] were the first to propose a double ellipsoidal three-dimensional model of heat source, later called the Goldak source. This model was used to calculate the temperature field in sheet weld using the FE (Finite Element) method. For an analytical solution of the temporary temperature distributions in fillet joint Jeong and Cho [30] used conformal techniques of mapping. In turn, Nguyen at al. [31] , while continuing Goldak's idea, applied in the solution for the massive body temperature field a half-elliptical double ellipsoidal volume model of heat source.
Despite many works describing the temperature field in welding processes, the continuous search for solutions for individual welding methods, hybrid techniques and related processes still continues. Gu et al. [32] proposed an isoparametric transformation and computer graphics technique to optimize the parameters of the double-ellipsoidal heat source model. For thermal analysis of the plasma arc welding process using the FE method, Wu and Gao [33] proposed a combined model of the heat source for mapping the temperature distribution in the keyhole. Jia et al. [34] developed a new method for the accurate determination of welding heat source parameters in connection with weld pool geometry. Multiple regression analysis was used, as well as the partial least-squares regression. Mikami et al. [35] attempted to simulate temperature distributions during weaving welding. Two kinds of models of heat sources were adopted for the FE analysis: "weaving" fully simulating the movement of the electrode and a simplified "quasi-weaving". The obtained results of numerical calculations showed the correctness of the "weaving" model, whereas the temperature distributions calculated using the simplified model were not satisfactory. In [36] a double-ellipsoidal-conical model of power source was introduced to map the temperature distribution in electron beam welding. The experimental verification of the method showed satisfactory results. Nasiri and Enzinger [37] proposed an analytical description of the temperature distribution in fillet welds using the adaptive functions. The methodology was based on a solution partial differential equation using non-dimensional quantities with respect to the Rosental solution combination. Cai Lv et al. [38] proposed a model for estimating the intensity of a mobile heat source using the inverse method. For this purpose, the non-linear heat transfer system has been replaced by a number of linearized solutions. This interesting approach will not find application in the thermal analysis of welding processes.
The descriptions of instantaneous temperature fields, most commonly use models of heat sources with one power density distribution. However, in practice the individual areas of the weld joint have irregular shapes and the adoption of such a heat source model is insufficient. The necessity to consider the heat of the additive material in the modeling of thermal phenomena in a welding process was noticed by Jeong and Cho [39] and Kang and Cho [40] .
In their description of the temperature field during fillet FCA (flux-cored arc) welding, Jeong and Cho [39] adopted a bivariate distributed model of heat source, in which the influence of molten metal heat was taken into account. In turn, Kang and Cho [40] , included the heat of filler wire during GTA (gas tungsten arc welding).
The application of a two-distributed heat source model, besides the mathematical justification allowing one to determine the complex shape of the fusion line, should also have a physical justification. In this article, the adoption of such a model is justified by heat transfer. The heat of the electric arc is used not only for heating the padded object, but also for melting the additional material. According to this assumption, a bimodal source is used to describe the temperature field during overlaying welding by the SAW method.
Verification of correctness of the heat source model and the temperature field model is possible (beside direct temperature measurement during welding), among other methods, by metallographic investigation of a weld pad. The metallographic analysis allows for comparison of calculated and experimental fusion line, and also to compare the shapes and dimensions of the heat affected zone. Analysis of the material structure in the heat-affected zones gives information on the correctness of the calculated heating and cooling rates. In turn, the orientation of the dendritic structure in the fusion zone indicates the directions of heat propagation in the material. This method of verification of the proposed models and the results achieved were adopted in the paper.
Experimental Padding Weld
The welding tests were carried out using a Faltig 315 AC/DC welding machine (OZAS, Opole, Poland), electrode wire ESAB OK Autrod 12.10 (ESAB Sp. z o.o., Katowice, Poland) [41] with diameter d = 3 mm and flux ESAB OK Flux 10.40 (ESAB Sp. z o.o., Katowice, Poland). In the central part of the S355J2G3 steel plate with dimensions 300 × 300 mm, a weld length of 0.1 m was overlaid (Figure 1 ). The thickness of the plate was 0.3 m, which in theoretical thermal considerations allowed one to adopt a semi-infinite model of a body.
The following welding parameters were used in the overlaying welding test: voltage U = 30 V and current intensity I = 400 A, with welding velocity v = 0.4 m/min and wire feed speed v e = 10.6 m/min. 
Analytical Description of Temporary Temperature Distribution
In the solution allowing for the calculation of the temperature field, a heat source based on a two-distribution model was adopted. From the total amount of heat of the electric arc, a part of the heat needed to melt the electrode was separated and transferred by molten material to the weld pool. The remaining heat part emitted by the electric arc was considered to be directly affecting the welded object:
where: θ a (x,y,z,τ)-the rise of temperature caused by heat input of the electric arc; θ w (x,y,z,τ)-the rise of temperature as a result of the heat transferred from the liquid electrode metal to the weld pool; θ i -initial temperature of the overlaid object; and τ-the time of the process. The scheme of the applied padding segment with its characteristic dimensions is shown in Figure 2 . In the considered case of flat surface welding overlaying, d p is equal to 0. The volume of the deposited padding material is determined by the weld height (h w ) and its width (w w ), and vdτ results from the padding volume equal to the volume of molten electrode material determined by its diameter and wire feed speed. Equations describing the temporary temperature field, including the molten metal heat transferred from the electrode to the overlaid weld, are deduced in [42] . The heat source model with Gaussian power distribution is shown in Figure 3 . The solution of the differential heat conduction equation for the volume heat source determined by such a distribution is described in [43] . In this discussion, this model was adopted to represent the impact of the electric arc. 
is determined by the equation:
on the other hand, after the bead ends (for time τ > τ t ), the equation takes the form:
where A w , A C , H h , H c are defined by the following equations: 
Functions Γ 1 -Γ 4 and Φ 1 -Φ 4 are integrals calculated by the Gauss-Legendre method [42] . Power of volumetric heat source accumulated in the molten electrode material is expressed by formula [45] :
where: d-the electrode diameter; ρ e -the electrode material density; v e -wire feed speed; L-the heat of fusion/solidification [J/ kg]; θ e -the initial temperature of electrode wire equals to the welding head electrode temperature; and θ L -the temperature at which the molten metal drop separates from the electrode. 
The Concept of the Phase Share Calculation
In quantification, volumetric share changes of individual phases in steel during thermal welding cycle are defined by the JMAK (Johnson-Mehl-Avrami-Kolmogorov) law [46, 47] in description of diffusive transformations and KM (Koistinen-Marburger) principle is used in description of non-diffusive (martensitic) transformation kinetics [48] . If, during the temperature rise in the thermal cycle, its value exceeds the critical temperature A 1 , the transformation of the initial structure into austenite begins. The austenitic transformation ends at the temperature A 3 , if the temperature peak in the thermal cycle exceeds A 3 (full transformation). Otherwise (θ max < A 3 ) the transformation ends after reaching the maximum temperature (partial transformation). The volume fraction of austenite ϕ γ created during heating depends on the current material temperature in relation to the temperature range determined by A 3 and A 1 . The share of new austenitic structure is calculated according with the JMAK law [46] by equation:
where ϕ i 0 denote initial volume shares of bainite (i B), ferrite (i F) and pearlite (i P). The values of b i and n i are specified depending on the values of critical temperatures A 1 and A 3 :
The volumetric share of an individual phase during cooling depends on the temperature and the cooling rate, and on the austenite share. In an incomplete transformation zone, initial austenite share ϕ γ before cooling has a value 0 < ϕ γ <1. The created volumetric share ϕ i of a structural component can be estimated analogically to the JMAK formula [47] by the following equation:
where ϕ i 0 -volumetric share of i-th phase component, which remained after the heating stage of the thermal cycle (not undergone a transformation); and ϕ i max -a maximum volume share of component i estimated for the calculated cooling rate. The sum of volumetric shares equals:
In order to estimate the volume shares of individual structural components arising from austenite during cooling, it is indispensable to know the value of the start temperature of the phase transformation T s and its end T f . The values of these temperatures depend on the type of steel and the cooling time t 8/5 , which denotes the residence time of the material between temperatures 800-500 • C. The use of cooling speed v 8/5 is often more convenient to determine the temperature limits of transformation. The quantity v 8/5 is defined as cooling rate of the material in the above temperature range, i.e., v 8/5 = (800 − 500)/(t 8/5 ). Limiting temperatures of cooling changes are determined on the basis of TTT (time-temperature-transformation) welding diagrams ( Figure 5 ) developed for particular steel grades. These graphs allow one to determine not only the beginning of the transformation, but also the progress of the process based on the temperature of the process, as well as the type of the structure being created. Limit values of cooling phase transitions (also t 8/5 values) can be determined using analytical formulas dependent on the chemical composition of steel [48] . This is because from a practical point of view the use of dependence equation (19) can often be troublesome due to the necessity to determine the current transformation time, and in [49] the corrected equation was used, in which the time parameter was replaced by the current process temperature:
where:
where: In the case of high cooling rates, the transformation of austenite into a martensitic structure may occur between the θ Ms and θ Mf temperature limits. The kinetics of this transformation is described by the Koistinen-Marburger principle [50] , according to which we can express volume martensitic share according to:
where: θ Ms -martensite start temperature; and θ Mf -martensite finish temperature ϕ min M = 0.1.
Example of Computations
Numerical calculations of the temporary temperatures and phase share computations were conducted for single-pass SAW overlaying S355J2G3 steel plate. The dimensions of the board used in the padding test and the geometric parameters of the applied padding weld (bead dimensions h w = 2.6 mm and w w = 18 mm (d p = 0)) were used for the calculations. The same properties of the welded plate and electrode material were adopted in the calculations: a = 8·10 -6 m 2 /s, C p = 670 J/kg K, ρ = ρ e = 7 800 kg/m 3 and L = 268 kJ/kg.
The power of the heat source was determined by the welding parameters used in the experiment, i.e. U = 30 V and I = 400 A. When the efficiency η = 0.99 is taken into account, the assumed power equals 11 880 W. The Gaussian surface distribution was determined by τ 0 = 0.13 s, and volumetric was determined by z 0 = 0.008 m.
The initial electrode temperature was taken at T e = 100 • C [45] . Numerical simulations were performed for the cross-section of the plate in half the length of the pad.
The calculations were carried out using our own procedures written in the Borland Pascal structural language and made in the Delphi environment. In the area of the padding and the heat affected zone, the distance between the calculation points was 0.5 mm, while in the remaining area 1 mm. The time increment was 0.0002 s in integration functions during temperature calculations.
Maximum temperature peaks at individual cross-section points made it possible to determine the maximum temperature isotherms (Figure 6 ).
In turn, isotherms of critical temperatures of phase transformations allowed us to determine the boundaries of individual characteristic areas (Figure 7) . The solidus value of 1493 • C was determined based on the iron-carbon system phase diagram. In the case of determining temperature limits of phase transformations in the solid state, the average heating speed was taken into account at points where the max peak temperature exceeded 720 • C (A 1 temperature value in classical heat treatment processes).
Considering the effect of this average heating speed at the start and at the end temperatures of the austenitic transformation [51, 52] the temperature values A 3 = 920 • C and A 1 = 748 • C were determined. The calculations of individual structural component shares during the phase transformation of heating were made in accordance with the Equations (16)- (18) . The constants b i and n i were determined depending on the values A 1 and A 3 . In the calculation algorithm of the phase transformation kinetics of cooling, the temperatures of the start and the end of phase transformations are determined using the TTT diagram of S355 steel (Figure 8 ) developed based on [53] , while the volumetric shares of individual components are determined using Equations (19)- (23) . Distributions of individual phases in the cross-section after the process is shown in Figures 9-11 . The share of bainite in the padded weld varies from 100% (in weld corners) to 69% in its middle part ( Figure 9 ). The volume shares of ferrite and pearlite vary from 28% and 3% in the weld to 70% and 30% in native material, respectively (Figures 10 and 11 ). Points 1 ( Figure 12 ) and 2 ( Figure 13 ) are located in fusion and full transformation zones, respectively. Therefore, the initial structure for the cooling transformation was 100% austenite. At point 3 ( Figure 14 ) ca. 95% of the native structure transformed into austenite from the partial transformation zone during heating. In point 4, the heat structure zone (Figure 15 ) of the native structure of the material remained unchanged.
Results and Discussion
With the aim of verifying the correctness of the adopted calculation methods and the results obtained with their use, metallographic analysis of the padding was carried out (Figure 16 ). Based on the maximum temperature distributions (Figure 7) , the fusion line marked in Figure 16 by the black line is consistent with that determined on the metallographic specimen. Analogically determined boundaries of the full transformation zone also show satisfactory agreement, especially in the main part of the metallographic sample. Figure 17 shows the distribution of calculated cooling velocity vectors in padded weld. In the reinforcement area, the directions of heat propagation with the directions of solidification were not obtained. The compatibility of calculated cooling velocity vectors with the dendritic grain growth directions can be seen in the area fusion zone (please compare Figure 16) .
A detailed structure analysis was also performed. In the padding area ( Figure 18 ), a mixture of bainite, pearlite, and ferrite, with dendritic structure characteristic for solidifying casts, was observed. Near the border of the fusion zone, the amount of bainite decreases slightly and the Widmanstätten structure appears (Figure 19 ). In the area of partial transformation, the amount of bainite falls sharply and shows a fine-grained structure (Figure 20 ). In the area outside the zone of heat influence, there is a ferritic-pearlitic structure of native material (Figure 21 ). 
Conclusions
The paper presents the methodology for determining the temperature and material structure during SAW overlaying. Analytical methods were used to describe the phenomena occurring in the overlaying process. The calculations were carried out using our own algorithms, procedures and programs. This allowed us to achieve the following results:
• Equations describing the temperature field in the semi-infinite model of the body were derived using the heat source model included the interaction of the electric arc, as well as the heat of weld reinforcement.
• Considering the heat transferred by the molten electrode material in the heat source model allows one to determine the temperature field with the distribution found in welding practice. • This is confirmed by the fusion zone and HAZ shapes determined on the basis of calculations obtained for the source model defined in this way have been confirmed by experiments.
•
The boundaries of individual heat influence zones determined in numerical calculations and experiments show satisfactory agreement.
The results of metallographic studies confirmed the validity of the adopted assumptions and solutions.
The subject of further research will be to expand the possibilities of the proposed model for the calculation of temperature and structural changes for multi-pass hardfacing. In the case of applying hardening coatings, the properties and structure of the overlayed pades may differ significantly from the properties and structures of the overlayed material, especially if the material of the padding is not mixed well with the substrate. This is a new, difficult challenge in modeling the welding overlaying process. An interesting issue is also the estimation of residual stresses after regeneration by pad welding. 
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